













































In	 this	project,	 the	expression	of	 the	 soybean	dirigent	genes	and	 their	effect	on	plant	
defense	 to	 pathogens	was	 studied.	 Dirigent	 proteins,	 present	 in	 all	 of	 the	major	 land	
plants,	have	been	hypothesized	to	work	in	concert	with	oxidative	enzymes	to	direct	the	
synthesis	 of	 stereospecific	 lignans,	 such	 as	 (+)	 or	 (-)-pinoresinol,	 and	 lignins,	 from	 the	
selective	coupling	of	specific	stereoisomers	of	deprotonated	alcohol	molecules.	Lignans	
and	 lignins	 have	 been	 shown	 to	 have	 antimicrobial	 properties	 and	 human	 health	
benefits	when	polymerized.	The	expression	patterns	in	leaves	of	several	genes	encoding	
dirigent-like	 proteins	 in	 soybean	 suggest	 that	 these	 genes	 are	 pathogen-induced.	 The	
first	goal	of	this	research	project	was	to	identify	all	dirigent-like	genes	in	soybean.	Once	
identified,	 alignments	and	a	phylogenetic	 tree	of	 their	protein	 sequences	were	made,	




transformation	 and	 disease	 assays	 were	 performed	 in	 Nicotiana	 benthamiana	 and	
soybean,	 showing	 possible	 reduction	 in	 the	 size	 of	 lesions	 induced	 by	 Sclerotinia	






















billion	 within	 25	 years	 (http://www.worldometers.info/world-population/).	 The	
increased	 population	 means	 a	 big	 challenge	 for	 crop	 producers	 to	 keep	 the	 current	
standard	 of	 livings	 for	 people	 across	 the	 globe,	 as	 crop	 production	 would	 need	 to	
increase	 another	 approximately	 20%	 over	 current	 levels.	 That	 is	 why	 current	
agricultural-related	research	needs	to	focus	on	making	higher	yielding	crops	per	area	of	
land	 use,	 minimizing	 negative	 effects	 of	 abiotic	 stresses	 (as	 irradiation,	 water,	
temperature,	 wind,	 inappropriate	 pH	 levels,	 contamination,	 compaction	 and	 lack	 of	
nutrients)	and	biotic	stresses	(as	weeds,	animal	pests	and	pathogens).	Plant	pathogens	
can	 be	 fungi,	 oomycetes,	 bacteria,	 phytoplasmas,	 viruses,	 and	 nematodes.	 These	 all	










already	 possess,	 and	 to	 try	 to	 intensify	 them.	 These	 can	 be	 constitutive	 or	 inducible	
defenses;	 structural,	 chemical	 or	 protein-based.	 The	 cell	 wall,	 for	 example,	 is	 a	
constitutive	 defense	 that	 works	 structurally	 as	 a	 barrier	 against	 many	 stresses,	
chemically	 in	 intercellular	 communications	 and	 in	 plant-microbe	 interactions,	 and	 its	
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proteins	 are	 involved	 in	 the	 defense	 responses	 against	 potential	 pathogens	 (Freeman	
and	 Beattie,	 2008).	 Learning	 about	 all	 the	 characters	 involved	 in	 these	 processes	 is	 a	
good	way	of	knowing	what	to	enhance	and	what	to	diminish	in	transgenic	lines,	in	order	
to	obtain	seeds	that	can	defend	better	against	pathogens.	Some	of	these	factors	are	the	
many	 pathogen-induced	 transcribed	 proteins	 that	 are	 also	 involved	 in	 cell	 wall	
synthesis,	an	example	being	the	dirigent	proteins.		
The	ideal	for	a	breeding	program	is	having	the	perfect	resistant	genotype	from	the	start,	
and	 soybean	 has	 many	 features	 that	 make	 it	 a	 very	 compelling	 target	 for	 genetic	
engineering.	Rice,	wheat,	maize	and	soybean	are	the	four	most	produced	crops	around	
the	 globe.	 Besides,	 soybean	 is	 the	 most	 important	 legume	 being	 grown	 and	 a	 very	
appealing	subject	of	study	as	it	plays	a	huge	role	in	worldwide	alimentation.	There	is	still	
some	 undiscovered	 data	 about	 this	 species	 and	 luckily	 many	 research	 groups	 are	
focusing	 in	understanding	 it	 better.	Researching	ways	on	how	 to	 improve	 this	 crop	 in	
the	 laboratory	 may	 result	 in	 getting	 a	 new	 pathogen	 resistance	 incorporated	 into	
commercial	 varieties.	 Resistant	 varieties	 are	 often	 the	most	 cost	 effective	means	 for	
farmers	to	control	plant	diseases	since,	 in	the	long	way,	host	plant	resistance	will	save	
the	grower	on	chemical	controls	and	produce	high	grain	yield.	This	particular	scientific	
work	 focused	on	 trying	 to	 contribute	with	 relevant	data	on	 the	 genes	 involved	 in	 the	
pathogen-resistance	traits	of	soybeans.	An	example	of	a	gene	family	that	might	enhance	
resistance	 to	 pathogens	 are	 the	 dirigents,	 and	 Shi	 et	 el.,	 (2012)	 showed	 that	 an	
overexpressed	 dirigent	 in	 cotton	 provided	 enhanced	 defense	 to	 Verticillium.	 An	 in-
house	 survey	 of	 soybean	microarray	 data	 for	 dirigent	 genes	was	 evaluated	 and	 three	
candidates	 looked	promising	as	pathogen-responsive	and	were	 selected	 for	my	 study.	
These	 were	 synthesized,	 cloned	 into	 a	 Agrobacterium	 tumefaciens	 binary	 expression	
vector	and	finally	used	to	transform	Arabidopsis	thaliana.	Also,	dirigent	genes	upstream	
regions	where	tested	for	their	promoter	activity	using	vectors	with	reporter	gene	gusA	





the	 world	 and	 represents	 a	 key	 element	 of	 the	 daily	 diet	 in	many	 countries,	 and	 an	
increasing	one	in	others	(such	as	in	the	USA	and	parts	of	Africa)	since	it	has	been	proven	
to	 be	 healthy	 for	 human	 nutrition.	 Its	 main	 consumption	 takes	 place	 in	 Asia,	 where	
home	production	 is	not	enough	to	 fulfill	 the	requirements,	 turning	that	continent	 into	
the	 biggest	 import	 market	 for	 world’s	 principal	 soybean	 producers:	 United	 States	 of	
America,	Brazil	and	Argentina	(Shurtleff	and	Aoyagi,	2004).		
Soybean	 is	 an	 oilseed	 (an	 oil	 that	 is	 widely	 used	 for	 cooking)	 but	 also	 supplies	 large	
quantities	 of	 protein,	 starch	 and	 fiber,	 and	 it	 is	mainly	 found	 in	 the	 diet	 of	 livestock	











As	 a	member	 of	 the	 Fabaceae	 family,	 it	 exhibits	 stringent	 cleistogamy	 (closed	 flower	
pollination).	This	 characteristic	may	have	had	a	 strong	 impact	on	maintaining	genome	





1765	 and	 started	 being	 grown	 at	 high	 scale	 during	 the	 1850s	 (Shurtleff	 et	 al.,	 2014).	
Production	 has	 been	 expanding	 since	 then,	 having	 reached	 a	 harvest	 yield	 of	
approximately	 2.74	 billion	 bushels	 in	 1999	 and	 3.93	 billion	 bushels	 in	 2015	 (United	
States	 Department	 of	 Agriculture	 National	 Agricultural	 Statistics	 Service	 Crop	
Production,	2016).	
As	 mentioned	 earlier,	 the	 consumption	 of	 soybean	 by	 US	 citizens	 has	 also	 been	
increasing,	 providing	 now	 69%	 and	 30%	 of	 their	 dietary	 protein	 and	 oil,	 respectively.	
Regarding	 health,	 soy-derived	 food	 ingestion	 have	 been	 proposed	 to	 help	 prevent	
cancer,	diabetes	and	obesity,	protects	against	bowel	and	kidney	disease	and	decreases	
low-density	 lipoproteins	 (LDL	 cholesterol)	 in	 plasma,	 which	 lowers	 risks	 of	
cardiovascular	 diseases.	 It	 is	 thought	 that	 soybean	 proteins	 act	 by	 regulating	 LDL	
receptor	levels	in	the	liver.	Regarding	nourishment,	soybean	nutritional	content	is	very	
vast,	 from	 vitamin	 B,	 phosphorus,	 omega-3	 fatty	 acids	 and	 essential	 metals	 as	
molybdenum,	 copper	 and	manganese.	 It	 also	 provides	 the	 four	 essential	 amino	 acids	
(lysine,	methionine,	threonine	and	tryptophan),	but	unfortunately,	as	it	is	characteristic	
of	some	legumes,	the	methionine	concentration	is	relatively	low.	This	makes	soybean	an	
occasional	poor-quality	provider,	 an	 issue	 important	enough	 to	be	being	addressed	 in	





attribute	 of	 soybeans.	 All	 plants	 need	 nitrogen	 to	 survive,	 and	 soybeans	 in	 particular	
have	 a	 high	 requirement:	 5	 pounds	 per	 bushel,	 and	 approximately	 75%	 of	 that	 goes	
away	when	harvested.	 In	 Illinois,	 this	symbiosis	supplies	 the	majority	 (between	the	50	
and	 60%)	 of	 the	 nitrogen	 the	 crop	 needs;	 the	 rest	 is	 obtained	 from	 atmospheric	
deposition,	 light-fixed	nitrogen	and	 the	 soil	 (leftovers	of	 fertilizers	applied	 to	previous	
crops	 or	 organic	matter	mineralization	 by	 soil	microorganisms).	 Since	 it	 has	 not	 been	
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proved	 that	 adding	 nitrogen-fertilizers	 helps	 soybean	 yield,	 nitrogen	 fixation	 plays	 a	
major	 role	 in	 this	 crop	 production.	 It	 actually	 is	 the	 main	 source	 for	 synthesis	 of	




The	 dirigent	 proteins	 (DIRs)	 are	 putative	 defense-associated	 polypeptides	 found	 in	 all	
major	land	plants.	It	 is	believed	that	they	evolved	in	vascular	plants	when	they	started	
growing	 on	 land	 since	 they	 are	 absent	 in	 primitive	 aquatic	 plants.	 There	 are	 6	
subfamilies	of	 these	proteins	 (a	 to	 f)	and	only	 subfamily	a	proteins’	 function	could	be	
analyzed.	 It	 is	 not	 a	 catalytic	 one,	 but	 even	 though,	 in	 the	broad	picture,	 subfamily	 a	
DIRs	help	in	the	radical	oxidative	coupling	reaction	of	two	alcohol	molecules	to	form	a	




two	 substrates	 are	 connected,	 each	 one	 to	 a	 cavity,	 they	 are	 able	 to	 react	with	 each	
other	and	form	the	product.		
Another,	 more	 recent,	 model	 for	 the	 structure	 of	 DIRs	 was	 proposed	 by	 Kim	 et	 al.	
(2014),	based	on	the	crystallization	of	a	pea	(Pisum	sativum)	DIR,	and	describes	that	the	












around	 the	 substrate-binding	 pocket.	 They	 are	 assumedly	 involved	 in	 the	 control	 of	
stereoselectivity	of	the	products,	that	is	a	resulting	(+)	or	a	(-)	molecule	product	(Kim	et	
al.,	2014).	




al.	 (2014),	when	studying	Forsythia	 spp.	 lignan	synthesis.	Dirigent	proteins	 involved	 in	
lignin	generation	were	more	difficult	to	prove	and	just	a	theory	at	the	time,	based	in	the	
fact	that	cell	lignin	initiation	sites	were	also	regions	of	dirigent	proteins	accumulation.		
Both	 lignin	 and	 lignan	 are	 unique	 to	 vascular	 land	 plants,	 optically	 active	 and	 share	
similar	 metabolic	 pathways.	 Together	 they	 constitute	 between	 20	 and	 30%	 of	 plant	
organic	carbon,	a	percentage	that	is	mainly	lignin	since	it	is	the	second	most	distributed	
natural	vegetal	product	after	cellulose,	and	the	most	abundant	phenylpropanoid	natural	
product.	 It	 is	 the	 essential	 constituent	 of	 cell	 wall,	 has	 a	 big	 presence	 in	 the	 xylem	
enabling	 water	 transport,	 and	 provides	 structural	 support	 and	 extra	 sturdiness,	
contributing	to	the	defense	against	pests,	microorganism	and	abiotic	stress.	Lignan,	on	
another	 hand,	 is	 diversely	 present	 as	 secondary	 metabolites	 (typically	 dimer	 or	
oligomers)	 in	 different	 tissues	 and	 organs	 of	 vascular	 plants	 (flowers,	 seeds,	 stems,	
leaves,	 roots,	 etc.),	 conferring	 antimicrobial,	 antifeedant,	 antioxidant	 and	 antiviral	
properties	 in	many	 sites	 (Arasan	 et	 al.,	 2013;	 Boudet,	 2000).	 They	 are	 both	 complex	
phenolic-based	 polymers	 and	 their	 precursors	 are	 closely	 related	 (phenylpropanoid	
units	 derived	 from	 monolignols	 or	 phenylpropanoid	 precursors,	 which	 can	 be	 p-
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coumaryl	 alcohol,	 coniferyl	 alcohol	or	 sinapyl	 alcohol).	 For	example,	pinoresinol	 is	 the	
lignan	of	simplest	structure,	formed	by	just	a	dimer	of	coniferyl	alcohol.	The	pinoresinol	
content	 in	 plants	 varies,	 existing	primarily	 in	woody	 and	 fibrous	 individuals,	mainly	 in	
young	foliage,	seeds	and	reproductive	organs,	and	it	is	believed	to	have	defense	activity,	
being	antifungal	and	antihelminthic.	This	is	only	one	of	the	450	lignans	known	to	date,	
present	 in	 55	 plant	 families	 (Ralph	 et	 al.,	 2006).	 Some	 biosynthetic	 enzymes	 and	
regulators	were	suggested	in	a	transcriptomic	study	in	Arabidopsis	(Ehlting	et	al.	2005).		
Lignin	 cannot	 be	 only	 found	 in	 the	 secondary	 (and	 sometimes	 primary)	 cell	 wall	 of	
vascular	 land	 plants,	 but	 also	 in	 the	 ones	 of	 mosses	 and	 algae.	 The	 amount	 of	
phenypropanoid	molecules	differ	among	taxa,	cell	 types	and	even	within	one	cell,	and	
depending	on	 that	number	 lignin	 can	be	G,	H	or	 S	 type	 (Bagniewska-Zadworna	et	al.,	
2014).	 Besides,	 it	 is	 known	 that	 conifers	 and	 softwoods,	 hardwoods	 and	bamboo	and	
grasses	 have	 mostly	 lignins	 of	 different	 composition,	 these	 being:	 coniferyl	 alcohol	
based	 lignin,	 coniferyl	 and	 sinapyl	 alcohols	based	 lignin	and	p-coumaryl	 alcohol	based	
lignin,	 respectively.	 Lignin	 plays	 a	 huge	 role	 in	 xylem	 cell	 differentiation;	 its	 synthesis	
and	deposition	until	 forming	an	elongated	and	 thickened	 secondary	 cell	wall	 happens	








activity,	 but	 instead	 a	 guiding	 or	 directing	 one,	 placing	 the	 molecules	 in	 the	 proper	
stereospecific	position	for	the	phenoxy	radical	coupling	to	take	place.	Once	the	position	
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is	 set,	 a	 one-electron	 oxidation	 of	 the	 two	 phenylpropanoids	 occurs	 and	 so,	 their	
dimerization	 in	 a	 phenoxy	 radical-radical	 coupling	 reaction.	 This	 stereoselectivity	 is	
necessary	 to	obtain	optically	active	 lignans	and	 lignins.	That	position	and	 the	way	 the	
molecules	react	can	vary,	and	so	the	dimer	that	 is	 formed.	For	 instance,	pinoresinol	 is	
constructed	by	 the	most	common	coupling	mode,	 the	8-8’	one.	Some	other	examples	
are	 8-5’	 and	 8-O-4’	 coupling,	 each	possible	 because	of	 the	 action	of	 subfamily	 a	DIRs	
with	 different	 specificities	 that	 apply	 distinct	 meticulous	 regiospecific	 and	
stereoselective	controls	(Davin	and	Lewis,	2005a).	
The	formation	of	the	free	radical	alcohols	is	performed	by	either	one-electron	oxidases	
(peroxidases,	 laccases,	 polyphenol	 oxidases,	 etc.)	 or	 an	 oxidant	 (ammonium	
peroxysulfate),	 that	work	 concomitantly	with	 the	 subfamily	 a	DIR.	 They	 catalyzed	 the	
transfer	of	a	proton-coupled	electron	from	the	monolignol	molecules	to	yield	two	free	
radical	alcohols	 (Burlat	et	al.,	2001).	 It	has	not	been	clarified	yet	 if	before	or	after	 the	
oxidation	step,	the	two	free	radical	alcohols	binds	to	the	hydrophobic	cavity/cavities	of	
the	DIR	subunits,	where	they	get	properly	oriented	 in	a	way	that	the	formation	of	the	
optically	 pure	 coupling	 dimer	 is	 favored	 and	 the	 unwanted	 ones	 repressed.	 In	 vitro	
assays	 have	 proved	 that	 both	 proteins	 are	 needed	 for	 the	 reaction.	 When	 only	 the	
substrates	 and	 a	 phenol	 oxidase	 are	 in	 the	 in	 vitro	 reaction,	 the	 result	 is	 a	
heterogenically	 optical	 mixture	 of	 dimeric	 compounds,	 but	 when	 subfamily	 a	 DIR	 is	
added,	 the	 product	 is	 mostly	 only	 one	 of	 the	 stereoisomers.	 Plus,	 if	 DIR	 is	 the	 only	
protein	 present,	 there	 is	 no	 reaction	 due	 to	 the	 lack	 of	 an	 oxidation	 step	 (Davin	 and	
Lewis,	2000).	
Plant-pathogen	interactions	




is	 a	 structural	 barrier	 present	 in	 every	 plant	 tissue	 it	 and	 represents	 a	major	 way	 of	
defense	 against	 fungal	 and	 bacterial	 pathogens.	 Besides	 having	 a	 primary	 cell	 wall	
(mostly	cellulose),	some	plants	have	a	secondary	one	(where	lignin	mainly	polymerizes)	
that	builds	 inside	 the	primary	one	after	 cell	 growth	 finishes.	A	 lignified	 secondary	 cell	




Primary	 and	 secondary	metabolites	 are	 plant	 natural	 products	 that	 have	 determined	
functions	 in	 the	 organism.	 Primary	 metabolites	 are	 molecules	 required	 for	 vegetal	
growth,	 reproduction	 and/or	 development;	 secondary	metabolites	 are	not	 necessarily	
involved	in	those	processes	but	they	usually	are	in	events	outside	of	basic	metabolism,	
such	 as	 in	 plant	 chemical	 defense.	 Examples	 of	 secondary	 metabolites	 include	
terpenoids,	alkaloids	or	phenols	(like	lignin	and	lignan).	Lignin	is	the	primary	component	





reinforcing	 existing	 defense	 barriers,	 as	 dirigent	 proteins	 are	 involved	 in	 the	
reinforcement	 of	 the	 cell	 wall.	 All	 these	 defensive	 proteins	 are	 inducible	 and	 are	






of	 the	 soybean	 plants	 (around	 48-72	 hr	 after	 infection),	 usually	 in	 cold	 and	 wet	
conditions,	 but	 can	 also	 infect	 the	 pods,	 petioles	 and	 stems.	 In	 susceptible	 hosts,	 it	
generates	 small	 yellow/brown	water-soaked	 leaf	 spots	 that	with	 time	are	 followed	by	
chlorosis	 and	 later	 necrosis.	 The	 bacteria	 can	 survive	 through	 the	 winter	 and	 be	
transmitted	by	seed.	It	enters	the	plant	through	the	stomata	or	wounds	on	the	leaves,	
and	 gets	 to	 the	 apoplast	 where	 it	 replicates	 and	 lives	 from	 the	 plant,	 consuming	 its	
resources	and	outweighing	its	defense	system.	P.	syringae	is	a	gram	(-)	rod	that	does	not	
enter	the	cell	but	interacts	with	it	from	the	outside	until	it	gets	lysed	(Engl	et	al.,	2014).	
In	 resistant	 hosts,	 the	 HR	 (hypersensitive	 response)	 triggered	 by	 plant	 recognition	 of	
pathogen	 effectors,	 generates	 small	 microscopic	 lesions	 while	 controlling	 the	 disease	
and	 stopping	 bacteria	 multiplication.	 The	 symptoms	 are	 seen	much	 earlier	 than	 in	 a	













the	 required	 conditions	 are	 given,	 either	 through	 generation	 of	 apothecia	 releasing	
ascospores,	 or	 through	mycelial	 initiation.	 If	 the	 dead	 or	 dying	material	 is	 touching	 a	
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soybean	 leaf	 or	 stem,	 the	 fungal	 produced	oxalic	 acid	will	weaken	host	 defenses	 and	
facilitate	 infection	 and	 spread,	 leading	 to	 destroyed	 plant	 tissue.	 If	 the	 right	
environment	persists,	the	pathogen	can	invade	further	eventually	killing	the	host.	Since	
there	 are	 not	 any	 soybean	 resistant	 varieties	 commercially	 available,	 it	 is	 a	 very	





Arabidopsis	 thaliana	 is	 not	 important	 commercially	 but	 it	 is	 very	 valuable	 in	 the	
laboratory.	 It	 is	 widely	 used	 as	 a	model	 plant	 to	 investigate	 different	 issues	 of	 plant	
development	 or	 genes	 from	 other	 plants	 by	 transforming	 A.	 thaliana	 with	 the	
exogenous	gene,	where	it	will	be	easier	to	be	studied.	Arabidopsis	is	very	appealing	to	
work	with	because	it	has	a	very	small	genome	(135x106	base	pairs	of	DNA	distributed	in	
5	 chromosomes),	 it	 can	 be	 easily	 transformed	 by	 Agrobacterium	 tumefaciens	













effects	on	host.	Projects	 investigating	vegetal	 innate	 immunity	or	defensive	 responses	
could	benefit	from	the	use	of	this	model	plant	that	can	be	genetically	modified	without	
much	 difficulty	 (even	 though	 there	 is	 no	 floral	 dip-like	 technique	 yet)	 and	 can	 also	
regenerate	 efficiently.	 It	 is	 widely	 used	 for	 studies	 related	 to	 virus-induced	 gene	
silencing	 and	 transient	 protein	 expression	 by	 performing	 the	 technique	 of	
Agrobacterium	 infiltration	 (Wydro	 et	 al.,	 2006).	 It	 is	 also	 known	 that	N.	 benthamiana	




This	 system	 is	 widely	 used	 for	 many	 applications	 since	 it	 uses	 a	 simple	 blue/white	
selection	 procedure,	 which	 is	 a	 very	 easy	 and	 rapid	 method	 to	 distinguish	
transformation	and	gene	expression.	GUS	stands	for	the	enzyme	β-glucunoridase,	which	
catalyzes	the	hydrolysis	of	many	β-glucuronides.	The	most	common	is	X-Gluc	(5-bromo-
4-chloro-3-indolyl-beta-D-glucuronic	 acid),	 which	 is	 typically	 used	 as	 the	 substrate	
during	 GUS	 assays	 at	 the	 laboratory.	When	 X-Gluc	 gets	 hydrolyzed,	 a	molecule	 of	 5-
bromo-4-chloro-3-indolyl	 (XH)	 and	 one	 of	 glucuronic	 acid	 are	 liberated.	 XH	 is	 in	
equilibrium	with	 its	 tautomer	X,	and	 in	 the	presence	of	oxygen	 they	dimerize	 to	 from	
diXH-leucoindigo	and	diX-indigo,	respectively,	which	are	blue	and	it	can	be	observed	as	
blue	spots. The	GUS	encoding	gene	gusA	is	originally	from	E.	coli	K12	and	not	present	in	







In	a	near	 future,	much	of	 the	 food	availability	will	 rely	on	 the	advances	made	 in	 crop	
sciences	 today.	 Any	 contribution	 to	 this	 field	 is	 going	 to	 be	 part	 of	 the	 great	 whole	
required	 to	be	able	 to	satisfy	 those	coming	needs.	Particularly,	when	the	 time	comes,	












this	 scourge.	 Therefore,	 pathogen-resistant	 varieties	 are	 a	 main	 center	 of	 studies	 to	
benefit	soybean	production.	Focusing	on	genes	involved	in	plant-resistance	mechanisms	
could	result	in	a	good	approach	to	get	these	prized	seed	varieties.	Among	these	genes,	
there	 are	 the	 dirigents,	 which	 codify	 for	 dirigent	 proteins	 (DIRs),	 involved	 in	 plant	
secondary	metabolism	in	the	formation,	for	example,	of	molecules	involved	in	defense.	
They	were	discovered	as	being	part	of	 lignan	and	lignin	biosynthesis,	where	they	were	
found	 to	 play	 a	 non-catalytic	 role	 in	 the	 regio-	 and	 stereospecific	 coupling	 of	 two	
coniferyl	alcohol	molecules	to	obtain	a	(+)	or	(-)	pinorenisol.	They	do	this	in	a	unique	and	
controlled	way	of	radical	dimerization	by	capturing	and	properly	orientating	the	alcohol	
intermediates	that	can	then	react	with	each	other.	Pinoresinol	 is	 the	base	unit	 for	the	
biosynthesis	of	most	 lignans	and	 lignins,	which	confer	plant	defense	properties	 (Davin	
and	Lewis,	2005a;	Davin	and	Lewis,	2005b).	
DIRs,	 present	 in	 all	 land	 plants,	 vary	 in	 sequence	 and	 structure	 between	 six	 different	
existent	 subfamilies	 a	 -	 f	 (Ralph	 et	 al.,	 2007).	 Some	 common	 structural	 features	 they	
share	are	six	characteristic	domains	that	identify	them	as	dirigents	(Ralph	et	al.,	2006),	a	
high	 presence	 of	 β-strands	 and	 that	 they	 all	 are	 glycoproteins	 with	 an	 extracellular	
domain.	 In	vitro	 functionally	 tested	DIRs	belong	to	subfamily	a,	while	DIR-like	proteins	
(the	ones	that	have	not	shown	in	vitro	activity	yet)	tend	to	cluster	among	the	rest.	DIR	
subfamily	 a	 have	 no	 introns,	 and	 the	 proteins	 they	 code	 for	 have	 a	 characteristic	 N-
terminal	 signal	peptide	 for	 the	apoplast,	where	 they	are	secreted	 (Pickel	et	al.,	2013).	
They	are	around	180	amino	acids	long,	with	a	molecular	weight	of	approximately	78	kDa	
(Davin	and	 Lewis,	 2000).	 These	weights	 are	 larger	 than	 the	predicted	 from	 their	 gene	
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sequences	 (18	 to	24	 kDa),	 due	 to	 a	major	 glycosylation	 represented	 in	 two	 to	 five	N-
glycosylation	 consensus	 motives.	 These	 proteins	 form	 pinoresinol	 from	 coniferyl	
alcohols	in	vivo,	as	well	as	in	vitro	(Lewis	et	al.,	1997),	a	function	that	may	be	achieved	
by	 the	 presence	 of	 the	 specific	 glycosylation	 patterns	 in	 the	 secreted	 protein.	 Other	
possible	roles	for	the	glycosylation	patterns	could	be:	assistance	in	the	correct	folding	of	
the	 DIR	 so	 it	 can	 be	 properly	 secreted,	 regulation	 of	 enzymatic	 activity,	 help	 to	 the	
protein	 solubility	 and/or	 to	 its	 structural	 stabilization.	A	disulfide	bridge	between	 two	
conserved	 cysteine	 residues	 in	 the	 N-	 and	 C-	 termini,	 respectively,	 present	 in	 every	
member	 of	 subfamily	 a,	 also	 may	 provide	 stability	 of	 the	 tertiary	 structure	 of	 the	
peptide	(Pickel	et	al.,	2013).	Since	DIR,	subfamily	a	DIR	specifically,	had	not	been	able	to	
be	 crystalized	until	 recently,	 everything	 known	about	 its	 tertiary	 structure	used	 to	 be	




each	protein	subunit.	Once	 thought	 to	be	dimeric,	 this	 investigation	suggests	 that	DIR	
proteins	form	a	trimer,	with	three	subunits,	with	one	cavity	each.	They	also	showed	that	
there	 is	 no	 obvious	means	 of	 interaction	within	 the	 substrates	 bound	 to	 each	 cavity;	
now	 it	 remains	 to	 be	 demonstrated	 if	 the	 pockets	 could	 bind	 either	 two	 coniferyl	
alcohol	radicals	or	a	radical	and	a	monolignol.	
Subfamily	 a	DIR	mode	of	 action	 requires	 the	 activity	 of	 an	 oxidizing	 agent	 or	 enzyme	
that	 generates	 the	 two	 free	 radicals	 that	will	 then	 bind,	 or	 are	 already	 bound,	 to	 its	
hydrophobic	 cavities.	 The	 subsequent	 coupling	 of	 the	 intermediates	 can	 also	 happen	
freely	 (non-DIR-mediated),	 which	 makes	 them	 competing	 processes	 (Figure	 1).	
Nevertheless,	subfamily	a	DIR-mediated	coupling	can	redeem	a	stereospecific	product.	
This	 refers	 to	 the	 regio-	 and	 enantiospecific	 C-C	 bond	 formed	 between	 the	 two	
intermediates;	 specifically,	 the	 two	 coniferyl	 alcohol	 radicals	 get	 orientated	 so	 a	
stereospecific	8’-8’	coupling	is	induced	creating	(+)pinoresinol	(Figure	1).	These	steps	of	
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not	 require	 too	 specific	 conditions;	 but	 correct	 products	 are	 really	 hard	 to	 obtain	
because	of	the	stereospecificity	needed.	This	specificity	 is	very	 important	since	 it	 is,	 in	
many	 cases,	 what	makes	 that	molecule	 bioactive.	 DIRs	 look	 like	 a	 promising	 tool	 for	
being	able	to	fix	this	matter.	However,	issues	like	the	incapacity	to	bind	to	a	broad	range	
of	substrates	and	products	due	to	its	fine	specificity,	and	the	fact	that	it	is	hard	to	have	
it	 in	 its	pure	form,	either	because	it	 is	not	cheap	to	isolate	from	plants	or	because	the	
yield	 of	 functional	 DIRs	 obtained	 by	 heterologous	 expression	 is	 still	 low,	 needs	 to	 be	
addressed	before	that	can	be	a	more	feasible	reality	(Pickel	et	al.,	2013).	
Nevertheless,	 the	 relation	 of	 DIRs’	 mode	 of	 action	 with	 plant-pathogen	 interactions	
remains	 to	 be	 tested	 and	 clarified,	 although	 their	 overexpression	 has	 been	 shown	 to	
enhance	defense	 to	pathogens	 (Shi	et	al.,	 2013).	This	 research	project	 in	particular,	 is	
based	 on	 the	 study	 of	 the	 expression	 of	 the	 soybean	 dirigent	 genes,	with	 the	 aim	 of	
understanding	 them	better.	 I	 selected	 three	 dirigent	 genes,	 obtained	 their	 sequences	
and	 had	 them	 synthesized.	 They	 were	 cloned	 into	 an	 Agrobacterium	 tumefaciens	
transformation	 vector	 with	 a	 CaMV	 35S	 promoter,	 and	 transformed	 into	Arabidopsis	
thaliana.	Besides,	 the	 promoter	 regions	 of	 the	 three	 genes	 were	 synthesized,	 cloned	
into	 an	A.	 tumefaciens	 vector	 driving	 a	GUS	 reporter	 system	and	 transformed	 into	A.	







To	 identify	 soybean	 defense	 genes,	 a	 search	 was	 made	 on	 the	 Phytozome	 website	
(https://phytozome.jgi.doe.gov/pz/portal.html#).	 The	DIR	 genes	were	picked	based	on	
their	 gene	 expression	 patterns	 (Figure	 2).	 Initially,	 53	 DIR-like	 gene	 sequences	 were	
obtained	from	Phytozome	based	on	annotation.	After	 looking	at	their	gene	expression	









DIR19100	 Glyma19g33310.1	 Glyma.19G151100.1	 Chr19:41141615..41142515	reverse	 901	
DIR19200	 Glyma19g33320.1	 Glyma.19G151200.1	 Chr19:41150640..41151405	reverse	 766	




















































Psuedomonas	 syringae,	 especially	 if	 carrying	 the	 avirulence	 gene	avrB,	 infiltrated	 into	
leaves	 induces	 a	 strong	 induction	 of	 expression	 for	 these	 three	 DIR	 genes	 (Figure	 2).	
Therefore,	 to	 study	 the	 DIRs,	 soybean	 (Glycine	 max,	 cv.	 Williams	 82)	 plants	 were	
inoculated	 with	 P.	 syringae	 plus	 avrB	 and	 RNA	 was	 collected	 with	 TRIzol	 Reagent	
protocol	 (Invitrogen).	 Possible	 contaminating	 DNA	 was	 removed	 by	 treatment	 with	
nuclease	DNase	I	(Ambion).	The	resulting	RNA	was	utilized	to	generate	cDNA	by	reverse	
transcription	with	SuperScript	III	Reverse	Transcriptase	(Invitrogen),	and	specific	primers	
for	 the	 initial	 three	DIR	genes	 	 (DIR19100,	DIR19200	and	Glyma.09G198900.1)	 chosen	
based	 on	 the	 microarray	 information	 were	 designed,	 using	 the	 Primer	 3	 platform	
(http://bioinfo.ut.ee/primer3-0.4.0/).	 Primers	 used:	 ACATCGAGTCCGAGAAGCAT	

















the	 pBIN-T	 Cloning	 protocol	 of	 the	 Clough	 Lab	 (Neece,	 2014).	 The	 ligation	 mix	 was	
transformed	 by	 heat	 shock	 into	NEB	 Turbo	 Competent	Escherichia	 coli	 cells	 following	
manufacturer	 protocol	 (New	 England	 BioLabs).	 Unfortunately,	 these	 cloning	 efforts	
were	not	successful	as	all	clones	contained	either	the	vector	empty	or	a	vector	with	the	
DIR19200	 in	 the	 wrong	 orientation.	 Because	 time	 was	 limiting,	 I	 had	 the	 genes	
chemically	synthesized	and	cloned.	Before	doing	this,	the	microarray	data	was	analyzed	
again	 closely	 and	 the	 Glyma1332s00200.1	 (Glyma.03G046000.1)	 gene	 was	 picked	
instead	 the	 Glyma.09G198900.1	 and	 named	 DIR03.	 The	 GeneArt	 Gene	 Synthesis	
(ThermoFisher	 Scientifics)	 service	 was	 used	 and	 the	 three	 synthesized	 sequences	
(DIR19100,	 DIR189200	 and	 DIR03),	 plus	 the	 addition	 of	 flanking	 cutting	 recognition	
sequences	 for	 the	 restriction	 enzymes	 XbaI	 and	 SacI	 (also	 present	 in	 the	 commercial	
vector	pBIN-m-gfp5-ER),	were	obtained	already	cloned	by	the	company	in	vector	pMK-
RQ-Bb	with	kanamycin	resistance	(Figures	3	to	5).	The	DNA	sequences	provided	by	the	
company	 were	 modified	 by	 company	 to	 optimized	 the	 codon	 frequency.	 NEB	 Turbo	
Competent	 E.	 coli	 cells	 were	 transformed	with	 these	 vectors	 by	 heat	 shock	 and	 cells	
were	plated	on	LB	medium/agar/kanamycin	50	μg/ml	plates	and	incubated	overnight	at	
37°C.	 One	 colony	 of	 each	 plate	was	 randomly,	 grown	 in	 a	 5ml	 liquid	 culture	with	 LB	
	PCR	Program	 Cycles	 Temperature	(°C)	 Time	(min)	










to	 the	 UIUC	 Core	 Sequencing	 Facility	 for	 identification	 and	 verification	 of	 proper	





and	 the	 upper	 band	 for	 the	 vector	 (of	 13300	 bp	 aprox.)	 and	 the	 lower	 ones	 for	 the	
inserts	(of	911	bp	for	DIR19100,	776	bp	for	DIR19200	and	1196	bp	for	DIR03)	were	cut	
and	 purified	 using	 ZR	 Gel	 DNA	 Recovery	 Kit	 (Zymo	 Research).	 Concentrations	 of	 the	
recovered	 DNA	 molecules	 were	 measured	 by	 a	 NanoDrop	 ND-1000,	 and	 these	 were	
then	ligated	using	the	NEB	Quick	Ligation	Kit	plus	the	addition	of	extra	ATP	to	increase	




culture	 with	 LB	 medium/kanamycin	 50	 μg/ml	 overnight	 and	 the	 vectors	 were	 later	
recovered	 performing	 a	 miniprep	 using	 the	 ZR	 Plasmid	 Miniprep	 –	 Classic	 Kit	 (Zymo	
Reasearch).	 Those	 vectors	 were	 then	 sent	 to	 the	 UIUC	 Core	 Sequencing	 Facility	 for	
identity	 and	 proper	 orientation	 verification	 by	 sequencing,	 and	 the	 coded	 protein	
verified	 by	 alignment	 to	 the	 NR	 protein	 database	 of	 the	 NCBI	 BLAST	 server	
(http://blast.ncbi.nlm.nih.gov/Blast.cgi).	 Each	 of	 the	 new	 constructs	 (pBIN-
35S::DIR19100,	 pBIN-35S::DIR19200	 and	 pBIN-35S::DIR03)	 contained	 DNA	 correctly	
cloned	and	encoding	the	correct	DIR	protein	as	shown	in	Figures	7-9.	
The	 plasmids	 pBIN-35S::DIR19100,	 pBIN-35S::DIR19200	 and	 pBIN-35S::DIR03	 were	
extracted	as	described	above,	and	transformed	into	A.	tumefaciens	GV3101	competent	
cells	by	heat	 shock	 (following	 the	“Transformation	of	Agrobacterium”	protocol,	Neece	
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2013,	the	Clough	Lab	website)	and	plated	on	LB	media/agar/kanamycin	50	μg/ml	plates	
for	 2-3	 days	 until	 colonies	 were	 obtained.	 Some	 of	 these	 colonies	 were	 picked	 and	






and	 Bent	 1998).	 The	 Agrobacterium	 strains,	 suspended	 to	 OD600	 0.10-0.15	 in	
infiltration	buffer	(10	mM	MES,	2%	sucrose,	100	μM	acetosyringone,	pH	5.25)	were	also	
either	 hand	 infiltrated	 with	 a	 1cc	 syringae	 into	 N.	 benthamiana	 leaves,	 or	 vacuum	
infiltrated	 into	 soybean	 unifoliates	 of	 plants	 that	 were	 about	 10	 days	 old	 for	 the	
transient	gene	expression	studies.	
Promoters	study	
The	 promoter	 regions	 of	 the	 three	 selected	 genes	 (DIR19100,	 DIR19200,	 and	 DIR03)	
were	analyzed.	To	expedite	the	work,	DNA	believed	to	contain	promoter	region	of	each	
gene	 was	 synthesized	 (GeneArt	 Gene	 Synthesis,	 ThermoFisher	 Scientifics).	 For	 genes	
DIR19100	and	DIR03,	the	1000	bases	upstream	of	the	proposed	transcriptional	start	was	
synthesized,	 and	 the	 upstream	 579	 bases	 for	 DIR19200	 (Phytozome	 did	 not	 have	
sequence	 data	 past	 579	 bases).	 To	 facilitate	 subsequent	 directional	 cloning	 in	




NEB	 Turbo	 Competent	 E.	 coli	 cells	 by	 heat	 shock.	 The	 cells	 were	 plated	 on	 LB	
medium/agar/kanamycin	 50	 μg/ml	 plates	 or	 LB	 medium/agar/ampicillin	 50	 μg/ml	
plates,	 and	 incubated	 overnight	 at	 37°C.	 Grown	 colonies	 were	 assumed	 to	 carry	 the	
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vectors,	 and	 two	 of	 each	 plate	 were	 randomly	 picked.	 These	 colonies	 were	 further	
grown	 in	 a	 5ml	 liquid	 culture	 with	 LB	 medium/kanamycin	 50	 μg/ml	 or	 LB	
medium/ampicillin	50	μg/ml	overnight	and	the	vectors	were	later	recovered	performing	
a	miniprep	using	the	ZR	Plasmid	Miniprep	–	Classic	Kit	(Zymo	Reasearch).	Those	vectors	
were	 sent	 to	 the	 UIUC	 Core	 Sequencing	 Facility	 for	 identity	 and	 proper	 orientation	
verification	 by	 sequencing	 followed	 by	 bioinformatic	 checking	 with	 Sequencher	 5.4.	
These	DIR	 clones	 and	 the	 pCAMBIA1381Z	 vector	were	 then	 digested	with	 BamHI	 and	
HindIII	 and	 fragments	 resolved	by	1%	agarose	gel	 electrophoresis	 (90	V,	 40	min),	 and	
the	 upper	 band	 for	 the	 vector	 (11214	 bp)	 and	 the	 lower	 band	 for	 each	 insert	
(corresponding	 to	 1012	 bp	 for	 PDIR19100,	 591	 bp	 for	 PDIR19200	 and	 1012	 bp	 for	
PDIR03)	 were	 cut,	 recovered	 and	 purified	 using	 the	 ZR	 Gel	 DNA	 Recovery	 Kit	 (Zymo	
Research).	 The	 concentrations	 of	 each	 purified	 fragment	 and	 the	 linear	 vector	 were	
measured	by	a	NanoDrop	ND1000.	Then,	the	insert	molecules	were	ligated	to	the	vector	





LB	 medium/kanamycin	 50	 μg/ml	 overnight	 and	 the	 plasmids	 were	 later	 recovered	
performing	 a	miniprep	 using	 the	 ZR	 Plasmid	Miniprep	 –	 Classic	 Kit	 (Zymo	Reasearch).	
Then	plasimds	were	sent	 to	 the	UIUC	Core	Sequencing	Facility	 for	 identity	and	proper	
orientation	verification	by	sequencing	and	later	bioinformatic	checking	with	Sequencher	
5.4.	Competent	A.	tumefaciens	GV3101	cells	were	transformed	by	heat	shock	(following	
the	 “Transformation	 of	 Agrobacterium”	 protocol,	 Neece	 2013,	 the	 Clough	 Lab)	 with	
these	constructs	(pDIR19100::GUS,	pDIR19200::GUS	and	pDIR03::GUS).	These	cells	were	
plated	on	LB	media/agar/kanamycin	50	μg/ml	 for	3	days	until	 colonies	were	obtained	
and	 stocked.	 Agrobacterium	 GV3101	 (pDIR19100::GUS,	 pDIR19200::GUS	 or	
pDIR03::GUS)	were	grown	in	50	mls	liquid	LB	media/kanamycin	50	μg/ml,	pelleted,	and		
used	 to	 transform	Arabidopsis	 by	 floral	 dip	 (Clough	 and	Bent	 1998),	 or	 transiently	 by	
	 24	
syringe	 Agroinfiltration	 of	 N.	 benthamiana	 or	 vacuum	 infiltration	 of	 soybean.	 Plants	
were	grown	with	a	photoperiod	of	16	hours	 (8	hours	of	dark),	a	 light	 intensity	of	130	
μl/m2sec,	 a	 humidity	 of	 60%	 and	 a	 temperature	 of	 23°C.	 To	 select	 Arabidopsis	
transgenics,	 seed	 were	 harvested,	 sterilized	 and	 plated	 on	 1/2XMS	 hygromycin	 (25	
μg/ml)	 plates	 to	 select	 transformants	 (Clough	 and	 Bent).	 For	N.	 benthamiana,	 leaves	





















































S.	 sclerotiorum.	 In	 the	 first	experiment,	 six	N.	benthamiana	 plants	were	chosen	and	2	
leaves	 of	 each	 one	 were	 hand-Agroinfiltrated	 with	 the	 A.	 tumefaciens	 cultures	
containing	each	vector	(2	plants	per	construct)	using	a	1	cc	syringe.	The	same	was	done	
to	three	leaves	of	two	plants	of	G.	max,	one	leaf	per	treatment.	After	one	day	growing	in	
the	 dark	 at	 room	 temperature,	 the	 plants	 were	 transferred	 to	 a	 chamber	 with	 a	
photoperiod	of	16	hours	(8	hours	of	dark),	 light	intensity	of	130	μl/m2sec,	humidity	of	




The	 Agroinfiltrated	 leaves	 of	 the	 other	 plants	 were	 cut	 and	 then	 exposed	 to	 S.	
sclerotiorum	by	placing	a	3	mm	agar	disc	from	the	edge	of	an	actively	growing	24	hour	
culture	 on	 PDA	 plates,	 on	 top	 of	 the	 area	 that	 was	 Agroinfiltrated.	 S.	 sclerotiorum	
infected	 leaves	 were	 placed	 in	 Petri	 dishes	 with	 the	 cut	 petiole	 touching	 water-
saturated	filter	paper	to	maintain	humidity.		After	24	hours	of	pathogen	incubation,	all	
the	 treated	 leaves	 were	 immersed	 in	 GUS	 staining	 solution	 for	 one	 day	 (Gallagher,	
1992).	 The	 lesion	 diameters	 were	 first	 measured	 for	 the	 S.	 sclerotiorum	 infected	
samples,	prior	to	GUS	staining.	The	P.	syringae	infected	leaves	were	detached	from	the	
plants	just	prior	to	GUS	staining,	a	day	after	inoculation	of	the	pathogen.	After	36	hours	
in	 the	GUS	stain,	 samples	were	 treated	daily	 soaking	 in	 fresh	 lactic	acid/glycerol	 for	3	
days	to	remove	the	chlorophyll	and	bleach	the	leaf	tissue.	
The	 second	 experiments	 were	 conducted	 similarly,	 except	 that	 the	 promoter::GUS	
treated	leaves	were	used	as	vector	controls	for	the	S.	sclerotiorum	experiment	prior	to	
GUS	 staining,	 and	 soybean	 leaves	 were	 also	 included	 in	 the	 assay.	 For	 the	 soybean	
assays,	the	unifoliate	leaves	were	vacuum	infiltrated	with	the	Agrobacterium	infiltration	
suspension,	 and	24	hours	 later,	 the	 leaves	were	either	 removed	 from	 the	plants,	 and	
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Fifty-three	 DIR	 sequences	 were	 obtained	 from	 Phytozome	 v.	 10.3	
(https://phytozome.jgi.doe.gov)	 and	 aligned.	 Based	 on	 the	 result,	 the	 43	 cleanest	
sequences	were	selected	and	aligned	with	 two	extra	sequences	used	as	consensus,	of	
Picea	 spp.	 and	 Brassica	 rapa,	 respectively.	 Both	 alignments	 were	 performed	 using	
Geneious	Basic	5.6.7.	under	multiple,	global	and	with	penalized	end	gaps	settings.	
To	further	analyze	our	DIR	sequences,	the	TargetP	1.1	Server	(http://www.cbs.dtu.dk/	
services/TargetP/)	 and	 the	 WoLF	 PSORT	 (http://www.genscript.com/psort/wolf_psort	
.html)	 were	 used	 to	 know	 about	 the	 subcellular	 localization	 for	 the	 three	 selected	
proteins.	 Plus,	 the	 NetNGlyc	 1.0	 Server	 (http://www.cbs.dtu.dk/services/NetNGlyc/)	
was	used	to	look	for	presence	of	N-glycolisation	sites	in	them.	And	SMART	(smart.embl-
heidelberg.de)	helped	to	identify	presence	of	distinct	domains.	
For	 the	 phylogenetic	 analysis,	 a	 Maximum	 Likelihood	 Tree	 was	 generated	 with	 the	
program	MEGA	 7.0,	 based	 on	 the	 model:	 Whelan	 And	 Goldman	 +	 Freq.	 The	 43	 DIR	
protein	sequences	were	used	(Appendix	A),	plus	additional	known	DIR	sequences	from	
the	following	organisms:	A.	thaliana	(At),	B.	rapa	(Br),	Oryza	sativa	(Os),	Picea	glauca	(P)	
and	 Picea	 sitchensis	 (P)	 for	 a	 total	 of	 94	 amino	 acid	 sequences.	 Initial	 trees	 for	 the	
heuristic	 search	 were	 obtained	 automatically	 by	 applying	 Neighbor-Joining	 and	 BioNJ	
algorithms	 to	 a	 matrix	 of	 pairwise	 distances	 estimated	 using	 a	 JTT	 model,	 and	 then	
	 28	
selecting	 the	 topology	with	 superior	 log	 likelihood	value.	All	positions	 containing	gaps	








to	 the	 heat	 map	 obtained	 from	 SGED.	 These	 genes	 had	 little	 or	 no	 differential	
expression	in	response	to	nodulation,	oxalic	acid,	the	photosystem	II	inhibiter	atrazine,	
or	by	root	growth,	where	as	they	were	all	 induced	fairly	well	by	P.	syringae,	Fusarium	





The	 synthesized	 promoter	 sequences	 PDIR19200,	 PDIR19200	 and	 PDIR03	 were	
successfully	 cloned	 into	pCAMBIA1381Z	 in	 the	 correct	 orientation	 in	 front	of	 the	GUS	
reporter	 gene	 (Figure	 10)	 and	 were	 suitable	 for	 promoter	 studies.	 When	 these	





that	 the	 assay	 was	 performed	 correctly.	 Also,	 as	 the	 35S::GUS	 did	 not	 turn	 soybean	
leaves	blue	(Figure	16),	soybean	is	not	suitable	for	transient	expression.	Note,	the	exact	
same	 Agrobacterium	 35S::GUS	 suspension	 used	 in	 the	 soybean	 experiment	 was	 also	
used	 for	 the	N.	 benthamiana	 inoculations	 (i.e.:	 the	 construct	 worked	 if	 in	 a	 suitable	
host).		
In	an	effort	to	induce	the	DIR	promoters,	the	N.	benthamiana	samples	in	Figures	13	and	
14	were	also	partially	 inoculated	with	either	S.	 sclerotiorum	 (Figure	14)	or	P.	 syringae	
(Figure	15).	However,	upon	careful	inspection,	no	blue	pigmentation	could	be	observed	
in	 any	 of	 the	 DIR	 promoter::GUS	 samples,	 suggesting	 that	 these	 promoters	were	 not	
pathogen	 inducible,	 nor	 constitutive.	 It	 cannot	 be	 concluded,	 due	 to	 the	 lack	 of	 any	
positive	 GUS	 activity,	 that	 the	 promoters	 were	 functional.	 Soybean	 plants	 that	 were	
vacuum	 infiltrated	 with	 Agrobacterium	 carrying	 either	 pDIR19100::GUS,	
pDIR19200::GUS,	pDIR03::GUS,	or	controls	35S::GUS	and	pCAMBIA1381Z	empty	vector,	
also	 were	 all	 negative	 for	 GUS	 activity.	 Also,	 the	 infiltration	 of	 the	 HR-inducing	 P.	
syringae	(HR	is	noticeable	in	Figure	16	as	brown	circular	regions)	did	not	induce	any	GUS	
positive	 staining.	 However,	 since	 the	 35S::GUS	 positive	 control	 was	 also	 negative,	 I	
concluded	 that	 soybean	 does	 not	 express	 transformation	 constructs	 at	 an	 adequate	
level	for	detection.	It	should	be	noted	that	the	exact	same	Agrobacterium	solutions	used	
for	the	soybean	vacuum	infiltration	studies,	were	also	used	to	hand	Agroinfiltrate	the	N.	
benthamiana,	 revealing	 that	 the	 35S::GUS	 positive	 control	 could	 function	 if	 in	 N.	




pBIN-35S::DIR03	 showed	 some	 inhibition	 of	 necrosis	 induced	 by	 S.	 sclerotiorum.	 	 The	
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lesion	 at	 24	 hpi	 with	 pBIN-35S::DIR19200	 co-expressed	was	 reduced	 to	 0.58x	 that	 of	
pBIN-mgfp5-ER,	and	with	pBIN-35S::DIR03	 the	 lesion	was	at	0.52x	 that	of	 the	 control.	









selected	 media,	 and	 putative	 transformants	 were	 recovered	 (Figure	 18)	 for	 pBIN-
35S::DIR19100	 (~0.3%),	 pBIN-35S::DIR19200	 (~0.25%),	 pBIN-35S::DIR03	 (~0.75%),	 and	
pCAMBIA1381Z-pDIR19100::GUS	 (~0.1%).	 These	 putative	 transformed	 plants	 were	
growing	at	the	time	of	this	thesis	writing,	and	will	be	verified	and	tested	for	response	to	




The	 43	 best	 sequences	 from	 the	 53	 putative	 soybean	 DIR-like	 genes	 obtained	 from	
Phytozome	were	aligned	to	one	a	well	characterized	DIR	from	Picea	spp.	and	one	from	
B.	rapa,	used	as	consensus	(Figure	19).	These	Picea	spp.	and	B.	rapa	DIR	sequences	were	






weight	 for	 dirigents.	 As	most	 dirigents	 are	 secreted	 out	 of	 the	 cell,	 a	 leader	 peptide	
analysis	was	conducted,	supported	that	DIR19100,	DIR19200,	and	DIR03	are	all	contain	
a	 secretion	 leader	 peptide	 (Figure	 21),	 and	 that	 the	 secretion	 is	 most	 likely	





The	 phylogenetic	 tree	 shows	 known	 DIRs	 from	 other	 species	 that	 had	 already	 been	
catalogued	 in	 the	 different	 dirigent	 subfamilies	 (a,	 b/d,	 c,	 e,	 f	 and	 g)	 (Figure	 32).	 The	
soybean	DIRs	cluster	close	 in	various	regions	of	the	tree,	which	could	mean	they	have	




as	 functional,	 so	 proteins	 like	 Glyma.04G139800.1.p,	 Glyma06G307300.1.p,	









This	 study	 looked	 at	 the	 effect	 of	 transient	 expression	 of	 three	 different	 dirigent-like	
genes	 (DIRs)	 in	 N.	 benthamiana	 and	 soybean,	 and	 the	 ability	 to	 clone	 a	 functional	
promoter	 from	 each	 of	 these	 pathogen-inducible	 genes.	 The	 studies	 showed	 that	
soybean	is	not	a	good	host	for	these	types	of	transient	gene	expression	studies,	as	the	
35S::GUS	 control	 failed	 to	 show	 any	 GUS	 activity,	 even	 though	 the	 same	 bacterial	




The	N.	 benthamiana	 plants	 did	 serve	well	 for	 transient	 expression	 of	 the	 transgenes.	
Quantitative	RT-PCR	 experiments	will	 need	 to	 be	 done	 to	 confirm	 that	 the	DIR	 genes	
were	 expressed	 off	 the	 35S	 promoter,	 but	 based	 on	 the	 positive	 expression	 of	 the	
35S::GUS,	 it	 is	 a	 reasonable	 assumption	 that	 the	 DIR	 were	 expressed	 in	 the	 N.	






























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































CLUSTAL O(1.2.2) multiple sequence alignment 
 
 
19100      
MAKSTFFICLNLSLLFSLVTATYYSSLTPTLLGFREEKFTHLHFFFHDVVTGPKPSMVFV 
19200      
MAKSTFFICLNLSFLFSLVTATYYSSLTPTLLGFNEEKFTHLHFFFHDVVTGPKPSMVFV 
           
*************:********************.************************* 
 
19100      
AEPNGKAKDALPFGTVVAMDDPLTVGPDHDSKLVGKAQGIYTSISQEEMGLMMVMTMAFT 
19200      
AEPNGKAKDALPFGTVVAMDDPLTVGPEHDSKLVGKAQGIYTSISQEEMGLMMVMTMAFT 
           
***************************:******************************** 
 
19100      
DGEFNGSTISVLGRNMIMSEPVREMAIVGGTGAFRFARGYAQAKFYSVDFTKGDAIVEYD 
19200      
DGEFNGSTISVLGRNMIMSEPVREMAIVGGTGAFRFARGYAQAKFYSVDFTKGDAIVEYD 
           
************************************************************ 
 
19100      VFVNHY 
19200      VFVNHY 







CLUSTAL O(1.2.2) multiple sequence alignment 
 
 
03         
MQKTPHPKSTPTSPHPLPLTHLFISLLTPLSSSDPTFVSPKIKKPFTQTPPPTMSTKLLL 
19100      -----------------------------------------------------
MAKSTF- 
19200      -----------------------------------------------------
MAKSTF- 
                                                                *:.. 
:  
 
03         TLILISYTLSNVIG-
EETGFVGTLHPKSLGLHKKQTLSHFKFYWHDIVSSGANSTSATII 
19100      ---FICLNLSLLFSLVTATYYSSLTPTLLGFR-EEKFTHLHFFFHDVVTGPKP-
SMVFVA 
19200      ---FICLNLSFLFSLVTATYYSSLTPTLLGFN-EEKFTHLHFFFHDVVTGPKP-
SMVFVA 
              :*. .** ::.   : : .:* *. **:. ::.::*::*::**:*:.    : . 
:  
 
03         
PPLPKYNTTTSFGMVNVMDNPLTLGPELGSKLVGRAEGFYALTSQSQINLLMVMNFALFE 
19100      
EPNGKAKDALPFGTVVAMDDPLTVGPDHDSKLVGKAQGIYTSISQEEMGLMMVMTMAFTD 
19200      
EPNGKAKDALPFGTVVAMDDPLTVGPEHDSKLVGKAQGIYTSISQEEMGLMMVMTMAFTD 
            *  * : :  ** * .**:***:**:  *****:*:*:*:  **.:: 
*:***.:*: : 
 
03         GKYNGSTITG--RN-
AVSENEKDIPVVGGSGVFKFAKGYAHAKTYFFDPKTGDATTEYNI 
19100      
GEFNGSTISVLGRNMIMSEPVREMAIVGGTGAFRFARGYAQAKFYSVDFTKGDAIVEYDV 
19200      
GEFNGSTISVLGRNMIMSEPVREMAIVGGTGAFRFARGYAQAKFYSVDFTKGDAIVEYDV 
           *::*****:   **  :**  ::: :***:*.*:**:***:** * .* ..*** 
.**:: 
 
03         YVLHYE 
19100      FVNHY- 
19200      FVNHY- 









CLUSTAL O(1.2.2) multiple sequence alignment 
 
 
03         MSTKLLLTLILISYTLSNVIG-
EETGFVGTLHPKSLGLHKKQTLSHFKFYWHDIVSSGAN 
19100      MAKSTF----FICLNLSLLFSLVTATYYSSLTPTLLGFR-
EEKFTHLHFFFHDVVTGPKP 
19200      MAKSTF----FICLNLSFLFSLVTATYYSSLTPTLLGFN-
EEKFTHLHFFFHDVVTGPKP 
           *:.. :    :*. .** ::.   : : .:* *. **:. ::.::*::*::**:*:.    
 
03         
STSATIIPPLPKYNTTTSFGMVNVMDNPLTLGPELGSKLVGRAEGFYALTSQSQINLLMV 
19100      -
SMVFVAEPNGKAKDALPFGTVVAMDDPLTVGPDHDSKLVGKAQGIYTSISQEEMGLMMV 
19200      -
SMVFVAEPNGKAKDALPFGTVVAMDDPLTVGPEHDSKLVGKAQGIYTSISQEEMGLMMV 
            : . :  *  * : :  ** * .**:***:**:  *****:*:*:*:  **.:: 
*:** 
 
03         MNFALFEGKYNGSTITG--RN-
AVSENEKDIPVVGGSGVFKFAKGYAHAKTYFFDPKTGD 
19100      
MTMAFTDGEFNGSTISVLGRNMIMSEPVREMAIVGGTGAFRFARGYAQAKFYSVDFTKGD 
19200      
MTMAFTDGEFNGSTISVLGRNMIMSEPVREMAIVGGTGAFRFARGYAQAKFYSVDFTKGD 
           *.:*: :*::*****:   **  :**  ::: :***:*.*:**:***:** * .* 
..** 
 
03         ATTEYNIYVLHYE 
19100      AIVEYDVFVNHY- 
19200      AIVEYDVFVNHY- 
           * .**:::* **  
	
	
	
